New Madrid vs. San Francisco
"Uncertainty in seismic hazard estimates is a fact of life, even in California where seismic hazard input parameters are better known than in the CUS (the central United States)" (Cramer, 2001) . The fundamental differences in assessing seismic hazard between San Francisco and the New Madrid area are the uncertainties, including source, earthquake magnitude and frequency, and ground motion attenuation. The ground motion attenuation relationships, in particular, are significantly different. The attenuation relationships for California are based on real observations, e.g., Abrahamson and Silva (1997) , Boore et al. (1997) , Campbell and Bozorgnia (2003) , and Sadigh et al. (1997) . In contract, there are at least thirteen ground motion attenuation relationships available in the central US (EPRI, 2003) , and all these relationships were developed from theoretical models with or without calibrations with limited ground motion records from small earthquakes (<M6.0). This results in large ground motion uncertainties in both median and its standard deviation for the New Madrid seismic zone. As shown by Frankel (2004) , the median ground motions for California vary only slightly between the attenuation relationships. For example, PGA ranges from 0.30 to 0.38g between four attenuation relationships for an M7.8 earthquake at 15 km in San Francisco. In contract, Table 1 lists the median PGA for an M7.7 earthquake at 15 km in the New Madrid seismic zone from five attenuation relationships. The range of the median PGA is between 0.69 and 1.20g. However, the predicted median ground motions themselves are uncertain because they are all based on the theoretical models. The theoretical models also predict higher standard deviations in the central US, 0.6-0.8 (EPRI, 2003) . As modeled by Harmsen et al. (1999) , Frankel et al. (2002), and Frankel (2004) , seismic hazard is predominantly contributed by the large earthquakes (7.0<M<8.0) in the New Madrid seismic zone. The large earthquakes in the New Madrid seismic zone have been considered as the characteristic events in PSHA for the New Madrid area (Frankel et al., 1996 and 2002; Toro and Silva, 2001; Frankel, 2004) . For such characteristic seismic sources, the seismic hazard (annual probability of exceedance) is equal to
where T C is the average recurrence time of the characteristic earthquake, P(Y≥y) is the probability that ground motion, Y, will be equal or greater than y at a site and determined by the ground motion attenuation relationship. The attenuation relationship was used to describe the randomness of ground motions due to the spatial distribution of the observations and sources (Campbell, 1981 and 2003; Joyner and Boore, 1982) . There are at least thirteen attenuation relationships are available in the central and eastern US (EPRI, 2003) and there is no unique way on how to use them (SSHAC, 1997) . A logictree with the assigned weights is commonly used to combine some or all of the attenuation relationships in PSHA (Cramer, 2001; EPRI, 2003) . Although the logic-tree could be complicated, a mean value can always be obtained (Cramer, 2001; Frankel et al., 2002) . For example, a logic tree with the assigned weights of M7.3 (0.15 wt), M7.5 (0.2 wt), M7.7 (0.5 wt), M8.0 (0.15 wt) was used in the 2002 USGS hazard maps for New Madrid characteristic earthquake. Frankel et al. (2002) found that incorporating this logic tree produced essentially the same hazard as giving full weight to the M 7.7 scenario.
For ease of comparison and understanding, we use Sommerville et al. (2001) attenuation relationship with a standard deviation of 0.6 to construct a hazard curve for the New Madrid characteristic earthquake (M7.7) with an average recurrence time of 500 years ( Fig. 1) . Figure 1 shows the steps to construct seismic hazard curve for peak ground acceleration (PGA) at a site 40 km from the source. The hazard (annual probability of exceedance) is equal to the recurrence rate of the characteristic earthquake (0.002 or 1/500 yr.) times the probability that PGA exceeds a certain value. For example, the annual probability of exceedance, 0.002, is equal to the recurrence rate, 0.002, times the probability, 1.0, that PGA exceeds 0.05g. The annual probability of exceedance, 0.001, is equal to the recurrence rate, 0.002, times the probability, 0.5, that PGA exceeds 0.36g (median). The annual probability of exceedance, 0.0004, is equal to the recurrence rate, 0.002, times the probability, 0.2, that PGA exceeds 0.59g. These demonstrate that the true meaning of the hazard: the PGAs, 0.05, 0.36, and 0.59g, will have 100, 50, and 20% being exceeded or 0, 50, and 80% confidence levels, respectively, at a site 40 km from the source, if the characteristic earthquake occurs once every 500 years on average. . Hazard curve at a site 40 km from the source for a characteristic earthquake of M7.7 with a recurrence time of 500 years in the New Madrid seismic zone. The median ground motion (µ) is 0.36g, and the standard deviation (σ ln ) is 0.60. ε=(ln y -ln µ)/σ ln .
In current PSHA, the annual probability of exceedance is often expressed as its reciprocal, 1/γ, the return period. For example, the annual probabilities of exceedance, 0.002, 0.001, and 0.0004, are expressed as the return periods of 500, 1,000, and 2,500 years, respectively. In the New Madrid area, the return period is equal to the recurrence interval of the characteristic earthquake, 500 years, divided by the probability that PGA exceeds the corresponding values (Fig. 1) . Thus, the return periods of 500, 1,000, and 2,500 years are equal to the recurrence interval, 500 years, divided by the probabilities, 1.0, 0.5, and 0.2, that PGA exceeds 0.05, 0.36, and 0.59g, respectively (Fig. 1) . In another words, the return period is a statistical inference from the ground motion (spatial) randomness, not a time domain measurement of the characteristic earthquake. The time domain measurement of the characteristic earthquake is only one, about once every 500 years on average in the New Madrid seismic zone (Tuttle et al., 2002 ).
Figure 1 also shows that the hazard (annual probability of exceedance) is not only determined by the median ground motion, but also by its standard deviation. Most importantly, the hazard at low annual probability of exceedance, less than 0.002 (1/500), is largely determined by the standard deviation. As noted by Frankel (2004) , the rate of hazard curve change at the low annual probability of exceedance is related to the standard deviation. Figure 2 shows a comparison of the hazard curves for median PGAs of 1.20 and 0.69g (Table 1 ) and standard deviations of 0.38 and 0.7. Figure 2 demonstrates the effects of the median and its standard deviation. Higher median PGA implies higher hazard (shifts the curve to right), whereas a higher standard deviation implies higher hazard (increase the rate of hazard curve) at low annual probability of exceedance (<0.001). The standard deviations used in the USGS national seismic hazard maps are 0.75 for both PGA and 5.0 Hz S.A., and 0.8 for 1.0 Hz S.A. (Frankel et al., 1996 (Frankel et al., , 2002 . A hazards at the low annual probability of exceedance are quite similar for the higher standard deviation (0.7) (Fig.  3c) .
From these comparisons, one could conclude that the higher ground motion uncertainties (both median and its standard deviation), higher standard deviation in particular, cause the predicted higher hazards at low annual probability of exceedance (<0.002) in the New Madrid area. A similar conclusion was also drawn by Cramer (2001) and Newman et al. (2001) . However, Frankel (2004) compared the hazards at the low annual probability of exceedance between San Francisco and the New Madrid using an assumed standard deviation (0.38) for the New Madrid seismic zone and drew his conclusion. His conclusion is not necessary true and could cause confusion, especially among nonpractitioners. Hence, instead of his statement "it is a consequence of the higher ground motion (median)," it would be more accurate to say "it is a consequence of the higher ground motion uncertainties (both median and its standard deviation)." If earthquake recurrence is time-independent and independent of the history of previous earthquakes, a Poisson model (Cornell, 1968, Stein and Wysession, 2003) predicts that the probability of n events (earthquakes) of given size in an area or along a fault during a time interval of t years is
, (2) where τ is the average occurrence time (or average occurrence rate,1/τ ) of the earthquake. The probability that no earthquake occurs is thus
And the probability of one or more earthquakes is
Equation (4) has been widely used to calculate risk level (X % PE in Y years) for a given average occurrence time (τ) of the event (earthquake, flood, wind) or average occurrence time (τ) for a given risk level in engineering risk analysis (Cornell, 1968; Sachs, 1978; Gupta, 1989; ICC, 2000) . For example, 1% PE in one year is commonly used risk level in building design for flood hazard, and 2% PE in one year for wind hazard (ICC, 2000) . From equation (4), the average occurrence time of the flood corresponding to the 1% PE in one year is 100 years (100-year-flood), and the average occurrence time of the 3-s gust-wind corresponding to the 2% PE in one is 50 years. 10, 5, and 2% PE in 50 years risk levels are commonly used in earthquake engineering (BSSC, 1998; ICC, 2000) . The average occurrence times of the earthquakes corresponding to the 10, 5, and 2% PE in 50 year are 500, 1,000, and 2,500 years, respectively. Hence, the risks, 10, 5, and 2% PE in 50 years, mean that the rare earthquakes will occur one or more (at least once) in 500, 1,000, and 2,500 years, respectively.
Although equation (4) is used to predict a rare earthquake, it can also be used to predict the physical measurements, such as Modified Mercalli Intensity (MMI) and ground motion, that could be generated by the earthquake at a point of interest through the attenuation relationships (Cornell, 1968) . For example, Campbell (2003) found that PGA follows the relationship of (5) where 2 2 )] 
and the total σ ln =0.689.
In the New Madrid area, there is only one rare earthquake, the characteristics earthquake of M7.7 with the average recurrence time of 500 years (i.e. Tc= τ =500 yr.). Therefore, there is only one risk level, 10% PE in 50 years, to be considered in the New Madrid area. The PGAs with the risk level of 10% PE in 50 years are listed in Table 2 using Campbell (2003) attenuation relationship. Hence, the average occurrence rate (1/τ) of a rare earthquake derived from the risk analysis is fundamentally different from the annual probability of exceedance (γ) derived from PSHA. In the New Madrid seismic zone, the average occurrence rate of the characteristic earthquake is only one, 0.002 (1/500yr.), whereas the annual probabilities of exceedance are many and equal to the average occurrence rate (0.002) times the probability that ground motion exceeds the corresponding value. Frankel (2004) equated the average occurrence rate from the risk analysis with the annual probability of exceedance from PSHA, however. Equating the average occurrence rate with the annual probability of exceedance is not appropriate and causes confusion.
Summary
PSHA is the most used method to assess seismic hazards for input into various aspects of public and financial policy. For example, PSHA was used by the U.S. Geological Survey to develop the national seismic hazard maps (Frankel et al., 1996 (Frankel et al., , 2002 . These maps are the basis for many national, state, and local seismic safety regulations and design standards, such as the NEHRP Recommended Provisions for Seismic Regulations for New Buildings and Other Structures, the International Building Code, and the International Residential Code. Adoption and implementation of these regulations and design standards would have significant impacts on many communities in the New Madrid area, including Memphis, TN and Paducah, KY. Although "mitigating risks to society from earthquakes involves economic and policy issues" (Stein, 2004) seismic hazards and communicate them to the users and policy makers. However, there is a lack of effort in communicating the uncertainties in seismic hazard assessment in the central US. Use of 10, 5, and 2% PE in 50 years causes confusion in communicating seismic hazard assessment. It would be easy to discuss and understand the design ground motions if the true meaning of the ground motion derived from PSHA is presented, i.e. the ground motion with the estimated uncertainty or the associated confidence level.
